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Motivation
Black hole (BH) systems are producing relativistics jets. Jets are observed
for different mass scale of BH, from stellar mass (1-10M , where M is the
solar mass, for example in BH X-ray binaries and gamma-ray bursts, GRBs) to
supermassive (105 -1010 M , in active galaxy nuclei, AGNs). Blazars are a type
of AGNs characterized by a non-thermal radiation produced in a relativistic jet
pointing towards our line of sight. GRBs are among the most energetic events in
the universe releasing a total energy of 1052 -1054 erg assuming isotropic emission.
Such extreme event is believed to take place in an ultra-relativistic jet pointing
toward us. Despite the central object mass difference, it may be possible that
blazars and GRBs are sharing similar jet physics. [Wu et al., 2015] explored
the variability properties for blazars and GRBs as a whole. They find that
the anticorrelation between minimum variability time-scale (MTS) and Lorentz
factor, Γ, as found only in GRBs by [Sonbas et al., 2015] can be extended to
blazars with a joint correlation of MTS ∝ Γ−4.7±0.3 (see Fig.1). Based on
these studies, we numerically investigated this anticorrelation using 2D general
relativistic magnetohydrodynamic (GRMHD) simulations.

Methodology
For a convenient aspect, simulations are dimensionless, gravitational constant
G = 1, the speed of light c = 1 and the black hole mass MBH = 1. This means
that the mass of the black hole will scale the simulation (e.g the gravitational
radius rg = GMBH /c2 or time tg = rg /c). Because of this feature, giving an
arbitrary mass of the black hole will scale the time variability, therefore the BH
mass is a hidden parameter of our model. Instead, we assume the anticorrelation
of [Wu et al., 2015] as true and use it to estimate the mass of the black hole
simulated. To do it, the Lorentz factor is taken as Γ =< µ >t where < µ >t
is the verage of µ in time. Our MTS will be the most represented frequency
of the Fast Fourier Transform of µ. This time variability, MTSMBH , will be in
unit of black hole mass MBH . We can compute the MTS in seconds, MTSs ,
with the Lorentz factor Γ from the simulation and using the anticorrelation from
[Wu et al., 2015]:
MTSs = −4.7 log Γ + 10.7
(2)
The relation between MTSs and MTSMBH is :
GMBH
(3)
MTSs = MTSMBH ×
3
c
Thus from (3) it is easy to obtain the black hole mass. In order to simulate
different type of BH systems, blazars or GRB, we play with 2 parameters, the
spin a and the strength of the magnetic field A0 . We focus on fast rotating black
hole a > 0.9 and we basically put a stronger magnetic field for a GRB than in
blazar. For each simulation the µ parameter is computed in 2 different points
located at r = 150 rg , θ = 5◦ and θ = 10◦ and we take the average value. We
consider values of µ from the jet launching, tj ≈ 1000 MBH , until the final step,
tf ≈ 15000 MBH .

Results and conclusion
Figure 1: Credit: [Wu et al., 2015]. The MTS versus Lorentz factor, Γ, for GRBs and blazars.
The solid line represents the best linear fit for 21 GRB. The dotted line represents the best fit
for GRBs (excluding GRB 100621A) and blazars in their sample.

Numerical setup
We are using the HARM code (High Accuracy Relativistic Magnetohydrodynamics), a conservative scheme, shock capturing, for evolving the equations of
GRMHD, developped by [Gammie et al., 2003]. The torus initial configuration
is the [Chakrabarti, 1985] accretion disk model. The inner edge of the torus is
rin = 6 rg , and the position of the maximum pressure is rmax = 16.5 rg . We
Γ̂
−3
assume a polytropic equation of state, pgas = Kρ , with K = 10 and Γ̂ = 4/3.
We implement the magnetic field as the magnetic field produced by a circular
current inside the torus. We express the only non-zero component of the vector
potential as [Jackson, 1999]:
r
(2 − k2 )K(k2 ) − 2E(k2 )
4Rr sin θ
√
, k=
(1)
Aφ (r, θ) = A0
2
2
r + R + 2rR sin θ
k 4Rr sin θ
with E and K the complete elliptic integrals, R the position of the circular
current in the torus (here at rmax ) and A0 a parameter used to scale the magnetic
field thereby the initial beta parameter, β = pgas /pmag . All the simulations start
from this initial configuration with a resolution of 1154 × 512 (r,th) and evolve
with a jet launching (see Fig.2).
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The computed black hole masses for blazars are in agreement with estimations
from observations. It is however not the case for GRBs, in the best we are 3
order of magnitude higher. To be more in accordance with the mass given by
the collapsar scenario, it is needed to have higher Γ and higher MTSMBH (i.g
Γ = 500 and MTSMBH = 500 give MBH = 4.20 M ). In our model, only the
Magneto-Rotational instability (MRI) can affect the jet variability and this is
why every simulation have roughly the same MTSMBH . Because the growth rate
of MRI does not depend on the magnetic field magnitude, the parameter A0 will
only affect the average value of µ and thus the maximum achievable Lorentz
factor Γ. Setting a high value of A0 does not lead to high values of µ, we form
rapidly a magnetic barrier and stop completely the accretion. In this sense our
model has limited high Γ achievable.
Nevertheless arrested accretion process, called Magnetically Arrested Disk
(MAD), was involved in a theoretical work by [Lloyd-Ronning et al., 2018] to
explain the anticorrelation between MTS and Γ. In such accretion disk, a significant amount of magnetic flux accumulated at the horizon provides significant
pressure against the infalling gas, which arrests the accretion flow within a
certain radius. In this region the MRI is suppressed ([McKinney et al., 2012]) and
another instability occurs, the interchange instability, allowing non axisymmetric
accretion. [Lloyd-Ronning et al., 2018] demonstrated that MTS ∼ tMAD ∝ Γ−6
where tMAD is the MAD timescale. Future 3D simulations will investigate the
role of MAD disk and the possibly anticorrelation between tMAD and Γ.
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Figure 2: 2D simulation of a black hole accretion system. The left panel shows the initial

condition, right shows a snapshot a t = 3000 M . The magenta line show the ergosphere,
magnetic field lines are in white, the color shows the normalized density.

HARM is a non-radiative GRMHD code, by definition we cannot produce
lightcurve from it (at least without a postprocessing code). Instead of a lightcurve
analysis to determine the variability of the emission, we are using the energy parameter µ = −Ttr /ρur . Assuming a flat spacetime, we can interpret
this parameter as the total plasma energy flux normalized to the mass flux
[Sapountzis and Janiuk, 2018]. It can also provide an estimation of the maximum Lorentz factor achievable Γ∞ = µ by assuming that the Poynting and the
thermal energy is transformed to baryon bulk kinetic [Vlahakis and Königl, 2003].
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